Turbomachine rotor flows may be affected by system rotation in various ways. Coriolis and centrifugal forces are responsible for (i) modification of the structure of turbulence in boundary layers and free shear layers, (ii) the generation of secondary flows, and (iii) "buoyancy" currents in cases where density gradients occur. Turbulence modification involves reduction (stabilization) or increase (destabilization) of turbulent Reynolds stresses by Coriolis forces; effects which areof special importance for the understanding and prediction of flows in radial and mixed flow pump and compressor rotors. Stabilization] destabilization effects are discussed by a selective review of the basic research literature on flows in straight, radial, rotating channels and diffusers.
INTRODUCTION
In 1970 a symposium on "Fluid Mechanics, Acoustics and Design of Turbomachinery" was held a Pennsylvania State University where, in session II, the current state of knowledge on effects of system rotation on boundary layers in turbomachine rotors was reviewed and discussed by the attendees, Johnston (1974) . The fact that Coriolis forces cause significant secondary flows (crossflows from pressure to suction side) in the endwall boundary layers of radial and mixed flow pump and compressor impellers had already been clearly established, but direct experimental evidence concerning Coriolis effects on turbulence and transition in boundary layers and free shear layers was new at the time of the symposium. Many of the issues discussed at the Penn State meeting had their origin in questions raised in the early 1960s by R. C. Dean Jr., see Dean (1968) where his observations concerning flow in radial flow compressor impellers are published. It is the objective of this paper to review our knowledge on these subjects, 27 years later. This brief, selective review is not aimed for the research community.
Rather, it is intended for the design engineer trying to understand and predict rotor flow phenomena that may at first glance seem unusual.
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2O FIGURE
Coriolis and centrifugal forces (per unit volume).
on a fluid particle.
The centrifugal force has a magnitude of [Q2r] and acts along the local radial direction as shown in Fig. 1 . The figure also shows the direction and magnitude, [2UF sin(e) ], of the Coriolisforce. This force is perpendicular to a plane formed by the U and D vectors, and is directed as shown, according to the right hand rule of the vector cross product.
The angle e ranges from 0 to r/2. Since e is close to r/2 in the case of radial flow rotors, it may be anticipated that Coriolis effects could be large in such cases. For flow in axial flow rotors where the radial component of U is very small Coriolis forces are also small and they point in the radial direction.
In the case of a constant density flow, the centrifugal force plays no independent role in the dynamics of motion as it may be combined with the pressure force term to form a single term, -g(p*/p) by the definition ofan 'effective pressure', p*=p+p(Zr2)/2. In general however, where density gradients, X7p, exist in the flow, the For Cartesian coordinates, x; (i= 1,2, or 3) where the vector's components are Ui, the dot (scalar) product gives the sum of deriviatives; 27. U =OUJOx=OU1/Oxl +OU2/Ox2 +OU3/Ox3. The cross (vector) product, 27 U represents the curl of the velocity field, and yields the vorticity (2 x fluid rotation) with respect to rotating coordinates. The vorticity in inertial space (stationary coordinates) is 2f* + 27 x U. In rotating Cartesian coordinates, the vorticity in the x direction is (OU2/Ox3-OU3/Ox2). In addition to the (i) secondary flow effects and (ii) the turbulence stabilization effects in rotating systems, one needs to be aware that (iii) centrifugal forces can also contribute substantially to the flow. This force is particularly important when large density gradients exist, as might be the case for the flow inside blade cooling passages of gas turbine rotors. The centrifugal force is always radial and acts outward with respect to the axis of rotation, see Fig. 1 . Consequently, it causes fluid forces which tend to drive low density fluid toward the axis of rotation and high density fluid away from the axis. Because of the similarity to the effects of gravity in a stationary case, the flows induced by centrifugal forces are sometimes designated as centrifugal buoyancy currents. This is a special topic which will not be discussed further in this paper.
EFFECTS OF SYSTEM
tend to cover the whole cross section of the low aspect ratio channel, but when AS is high, the secondary streamlines are concentrated near the end walls leaving the core region unaffected. Moore (1967) experimented with turbulent boundary layer flow in rotating channels of differing aspect ratio and showed that secondary flows had large effects near the center line of symmetry when AS was low, compared to the effects when AS was high. Figure 4 shows a decrease of the skin friction coefficient, Cr, on the
Stability and Instability
These terms are used here to denote the tendency for a boundary layer or a free shear layer to experience increased or decreased levels of turbulence with respect to the 'natural' levels that would develop under non-rotating conditions. Nonrotating conditions are the basis for models used to estimate the turbulent Reynolds stresses, -uiuj. These models then provide the equations for closure of the set of mean flow equations, the Reynolds average Navier-Stokes (RANS) equations. For example, Johnston and Eide (1976) applied empirical algebraic corrections to a mixing length method in order to model the effects of rotation on the turbulent shear stress, ---. Parameters for expressing these effects were derived from knowledge concerning the effects of rotation on flow stability.
A boundary layer velocity profile U(y) on a rotor blade is illustrated in Fig. 5 Stabilization effects were discussed and proper parameters for their description developed by Bradshaw (1969) . His parameter, Ri, has become widely used in all subsequent work. Ri, by analogy named the gradient Richardson number, permits one to describe the degree of stabilization at each y position in a velocity profile where the local velocity gradient is OU/Oy.
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Ri-S(S + 1), where S-OU/Oy" (4) The flow is locally stabilized when: Ri > 0, and it is destabilized when Ri < 0. The flow stability conditions are neutral (Ri --0) for two values of S, when S 0 and, under rotating conditions, when S -1. This latter condition is interesting in that the vorticity of the velocity profile with respect to inertial (non-rotating) coordinates, (2w-OU/Oy), is also zero for this neutrally stable condition.
In a radial or mixed flow pump or compressor impeller, according to these criteria, the boundary layers on the suction (trailing) sides of the blades will have Ri > 0 and hence they will be stabilized, but on the pressure (leading) sides flow will be destabilized by rotation. In the inviscid core region, should one exist, the flow is generally inertially irrotational and thus it is neutrally stable. The consequences of these effects, are that increased turbulence and mixing in destabilized (pressure side) boundary layers makes them less likely to separate, but the stabilized layers on the suction side become less turbulent and more prone to flow separation in regions of adverse pressure gradient.
Developments Since 1970
These are first outlined to give a brief overview on progress in the field over the past quarter century. Because the effects of rotation are concentrated in sheared regions such as boundary layers, it is useful, in order to understand the physical processes, to take V-Ue, the relative velocity at the edge of a boundary layer, and A=5, the boundary layer thickness. Therefore, Re= Ue/u and Ro--2co(5/Ue are physically meaningful definitions of the two controlling parameters. By taking OUe/Oy U/6 as an estimate of the mean shear in a boundary layer, One obtains an estimate of the mean global stability parameters, S-Ro, and Ri Ro(Ro-1). Johnston (1974) showed that the magnitude of the boundary layer Rotation number is expected to be low (]Ro < 0.1) in turbomachines even though the effects of rotation are substantial at these low values. Finally, by combining estimates it is seen that the global stability of a rotor blade boundary layer is approximately equal to the Rotation number, i.e., Ri -Ro. This is a justification for using the Rotation number in turbulence modeling, e.g., see Johnston and Eide (1976 This is an extensively studied case, for which the experiments of Johnston et al. (1972) , and a direct numerical simulation (DNS) by Khristofferson and Andersson (1993) Mean velocity profiles for fully-developed turbulent channel flows. Notes: The stabilized side is at y/h=-1 and destabilized side at y/h + 1. In (b), U nondimensionalized using u, the global wall shear velocity (see reference).
Flow in a long channel of constant width with constant inner and outer wall curvatures, and flow in the gap between concentric cylinders where the inner cylinder rotates are primary examples. value, uT, used for normalization is based on the streamwise pressure gradient, -dp*/dx. Wall 
that fits the data quite well, as is seen in Fig. 10 .
A similar result would be obtained for the variation of C with cou/u2. From a practical vantage, this method is probably the best idea to date for a wall function in rotating boundary layers.
(iii) Plane Walled Two-Dimensional Diffuser Flows with Rotation Axis Perpendicular to the Parallel End-Walls
These approximate the flows seen in the bladed rotors of radial flow pumps and compressors. The simplest cases are the four experiments on straightwalled diffusers noted in Table I . Unfortunately, Fowler (1968) Rothe and Johnston (1976) and Ibal and Joubert (1993) , on straight diffusers at high enough inlet aspect ratios so that end-wall secondary flow effects are of minor importance. Johnston (1975, 1976) , used the fullydeveloped channel flow of Johnston et al. as a diffuser inlet condition. The diffuser side-wall length, L, and inlet throat width, W1, were fixed, but the side-walls were hinged at the inlet plane so that W2, the outlet width could be changed. Consequently, as the side-wall opening angle, 20, was changed the diffuser area ratio, AR--= W2/WI, could be varied. Studies were carried out with water flow which facilitated visualization using dye injection methods. Observation of the motion of the injected dye tracers permitted evaluation of the onset of the various stalled flow regimes (unseparated or no appreciable stall, corner stall, 2D stall, and full stall) as the magnitude of the as area ratio and rotation were increased in small steps. The results are shown in Fig. 11 where it is seen that the various regimes of stall set in at increasingly smaller area ratios as rotation rate increases.
Boundary layer separation at the upstream end of a stalled region, always occurred on the suction wall, the wall with the stabilized, lower turbulence boundary layer. Stall is first seen in the corners formed at the intersections of end-walls and the suction (stabilized) side-wall. When ROQ (defined below) increases at fixed AR (or 20) pockets of "corner stall" grow and then spread obliquely until the whole suction side-wall separates near the exit plane to form a "two-dimensional stall" zone. As ROQ continues to increase, the 2D separation line at the front of this zone moves upstream until it is very near the inlet plane. At this condition, we say the diffuser in a state of "full stall". In addition to the flow visualization to determine the stalled states, the static pressure distributions along the side-walls were also measured. From these data, the overall (outlet to inlet) pressure rise (recovery) was obtained. It is plotted versus AR in Fig. 12 in terms of the pressure rise coefficient from inlet to outlet: 2 Here, the inlet mean velocity was based on volume flow rate, Q, and inlet cross section area, Coriolis induced stabilization does not act to change the 2D, Kelvin-Helmholtz waves, it only damps three-dimensional, small-scale breakdown, the observed result of transition to turbulence in free shear layers.
The measured values of XR are plotted versus Rotation number in Fig. 13 . With destabilizing rotation, turbulence in the free shear layer increases and entrainment of fluid from the recirculating separated region into the through flow is enhanced. As a result, the flow reattaches closer to the step, i.e., Xl decreases as [ROQI increases; a result that appears to be independent of diffuser aspect ratio (left hand side of Fig. 13 ).
On the other hand, the situation is considerably more complex for stabilized free-shear layers as a somewhat different pattern of events is seen for each aspect ratio (right hand side of Fig. 13 ). In this case, secondary flows near the end-walls are driven into the separated region, an effect opposite from the turbulent entrainment of fluid out of this region. Thus, secondary flows tend to increase, X, as more fluid is introduced into the separated region causing its volume to increase. This effect must be particularly strong at low aspect ratio where end-wall flows are more important, and it EFFECTS OF SYSTEM ROTATION 111 seems to justify the results in Fig. 13 However, new, basic data on the stabilizing/ destabilizing effects of Coriolis force on boundary and free shear layers has been obtained since 1970, and thus primary emphasis was placed on discussion of the latter effects in this paper. Although the review has concentrated on experiments in simple basic flows, the discussion indicates where and how these results are related to practical flows in pump and compressor impellers and turbine rotors. Predictions of complex flows in rotors is a major objective of engineers and designers, and some have attempted to empirically model the stabilizing/destabilizing effects for inclusion in codes that numerically solve the Reynolds averaged Navier-Stokes equations. The state of the art in practical turbulence modeling for turbomachines, or for that matter even simple rotating flows such as straight channels and diffusers with wall boundary layers is still rather primitive, and thus this topic is better left to a substantial review at a later time, hopefully sooner than 25 years from now.
E EN NE ER RG GY Y M MA AT TE ER RI IA AL LS S Materials Science & Engineering for Energy Systems
Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced. As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
